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Specific connectivity patterns among neurons create
the basic architecture underlying parallel processing
in our nervous system. Here we focus on the visual
system’s first synapse to examine the structural
and functional consequences of sensory deprivation
on the establishment of parallel circuits. Dark rearing
reduces synaptic strength between cones and cone
bipolar cells, a previously unappreciated effect of
sensory deprivation. In contrast, rod bipolar cells,
which utilize the same glutamate receptor to contact
rods, are unaffected by dark rearing. Underlying the
physiological changes, we find the localization of
metabotropic glutamate receptors within cone bipo-
lar, but not rod bipolar, cell dendrites is a light-
dependent process. Furthermore, although cone
bipolar cells share common cone partners, each
bipolar cell type that we examined depends dif-
ferentially on sensory input to achieve mature con-
nectivity. Thus, visual experience differentially
affects maturation of rod versus cone pathways
and of cell types within the cone pathway.
INTRODUCTION
Recognition of the importance of sensory input to the
development of neural circuits originated with findings that
ocular dominance columns in primary visual cortex are
shaped by visual experience (Hubel et al., 1977; LeVay et al.,
1980). Since that seminal work, findings across sensory sys-
tems have uncovered further how sensory deprivation impinges
on the normal development of cortical circuits (Chen et al.,
2001; Cummings and Belluscio, 2010; Hofer et al., 2009;
Lu et al., 2008; Philpot et al., 2001; Shepherd et al., 2003;
Tyler et al., 2007; Zuo et al., 2005). In visual cortex, monocular
or binocular deprivation increases the rate of spine formation
(Hofer et al., 2009), alters connectivity between inhibitory
and pyramidal neurons (reviewed in Espinosa and Stryker,
2012), and disrupts normal developmental changes in recep-
tor subunits (Chen et al., 2001; Lu et al., 2008; Philpot et al.,
2001).NOne mystery is where the effects of sensory deprivation orig-
inate along sensory pathways. Changes in cortex could occur
independently of subcortical alterations or reflect modifications
at earlier stages of sensory processing. For example, depriva-
tion-induced changes in the receptive field properties of
somatosensory cortical neurons cannot be attributed to plas-
ticity of thalamic neurons (reviewed in Fox et al., 2002). In
contrast, sensory deprivation affects response kinetics of olfac-
tory sensory neurons potentially accounting for alterations in
olfactory cortex (He et al., 2012). Indeed, earlier in the visual
pathway, sensory deprivation prevents refinement of retinoge-
niculate synapses during a postnatal critical period (Hooks
and Chen, 2006). Within the retina, ganglion cell spike re-
sponses (Di Marco et al., 2009; Tian and Copenhagen, 2001)
and pruning of ganglion cell dendrites (Tian and Copenhagen,
2003) were abnormal in dark-reared mice. Here, we asked
whether sensory experience regulates the development of the
visual system’s first synapse between retinal photoreceptors
and bipolar cells.
As in other sensory systems, information from primary sensory
neurons is conveyed to specific cell types for parallel processing.
A second mystery is whether sensory deprivation affects parallel
channels equally. In the present study, we take advantage of the
well-characterized connectivity patterns between photorecep-
tors and multiple bipolar cell types, allowing for the investigation
of specific synaptic partners at a common processing level. Pho-
toreceptors contact at least ten types of bipolar cells (Wa¨ssle
et al., 2009). Bipolar cells fall into two broad categories: OFF
bipolar cells, which use a variety of ionotropic glutamate recep-
tors (Puller et al., 2007), and ON bipolar cells, which use metab-
otropic glutamate receptors (mGluR6; Nomura et al., 1994). Rod
bipolar cells carry signals from rod photoreceptors, whereas
the other bipolar cells carry signals predominantly from cone
photoreceptors. Previous work demonstrated that connectivity
between mouse cone photoreceptors and three types of ON
cone bipolar cells matures at different rates, such that the type
6 chooses its synaptic cone partners before the time of eye
opening, and types 7 and 8 do not settle on their cone partners
until weeks after eye opening (Dunn and Wong, 2012). Such
timing differences between bipolar cell types inspired us to
examine whether the formation of correctly wired and func-
tioning circuits depends on sensory stimulation. We find that
dark rearing disturbs cone, but not rod, pathways at the level
of the visual system’s first synapse. Furthermore, sensory depri-























































































Figure 1. Dark Rearing Diminishes the Cone-Mediated b-Wave
(A and C) Electroretinograms (ERGs) of isolated dorsal retina from control (first
column) and dark-reared (second column) mice. Flashes were delivered from
darkness. (A) Individual retina responses from rods, Mu¨ller cells, and rod
bipolar cells to a family of 10 ms flashes from a 470 nm LED, doubling in in-
tensity. (C) Individual retina responses from rods and Mu¨ller cells. (B and D)
Summary of absolute values of b-wave (B) and a-wave (D) amplitudes as a
function of flash strength in photoisomerizations per rod (Rh*/rod) from indi-
vidual retinas (open symbols) and average across the population (closed
symbols; n = 7 normally reared; n = 6 dark-reared mice). (E and G) Electro-
retinograms (ERGs) of isolated ventral retina from control (first column) and
dark-reared (second column) mice to a family of 10 ms flashes from a 395 nm
LED superimposed on a constant background of 4,000 R*/rod/s with a 470 nm
LED. (E) Individual retina responses of cones, Mu¨ller cells, andON cone bipolar
cells. (G) Individual retina responses of cone photoreceptors and Mu¨ller cells.
(F and H) Summary of absolute values of b-wave (F) and a-wave (H) amplitudes
as a function of flash strength in photoisomerizations per UV cone (P*/UV cone)
of individual retinas (open symbols) and average across the population (closed
symbols; n = 6 normally reared; n = 5 dark-reared mice). Closed symbols
represent mean ± SEMand are fit by the Hill equation. Fits to equation reported
in Table S1. Mice spanned ages P69–P72.
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The Effects of Dark Rearing on Parallel CircuitsRESULTS
Dark Rearing Diminishes Cone-Mediated but Not
Rod-Mediated Responses
To examine the contribution of sensory experience to the devel-
opment of the photoreceptor-to-bipolar cell synapse, we reared
mice in darkness and recorded electroretinograms (ERGs) in
isolated retina. We begin by comparing rod and cone pathways
to examine how distinct channels may be differentially regulated
by sensory input.
Dorsal halves of retina were stimulated from darkness with a
light-emitting diode (LED) that preferentially stimulates rods
(see Experimental Procedures). Figure 1A shows example
ERGs recorded under pharmacological isolation of responses
generated by rods and Mu¨ller cells (a-wave) and rod bipolar
cells (b-wave). The initial downward component is the
a-wave; the subsequent upward component is the b-wave.
Figure 1B plots the amplitudes of the b-waves from these indi-
vidual retinas and across the population. Average intensity-
response functions for the rod-driven b-waves lay on top of
each other, suggesting no differences in the rod bipolar cell-
driven responses between control and dark-reared animals.
To examine the a-wave component of the ERG, we pharmaco-
logically blocked the majority of ionotropic and metabotropic
glutamate receptor-mediated transmission in the retina, pre-
serving the rod and Mu¨ller cell contributions to the ERG
(Figure 1C). Average intensity-response relationships of the
rod-driven a-wave also reveal no differences between the two
rearing conditions (Figure 1D).
To preferentially stimulate the cones, we used ventral retina,
where the ultraviolet (UV)-sensitive opsin dominates in mouse
retina (Wang et al., 2011). Retinas were stimulated with an LED
with maximal emission at 395 nm superimposed on a constant
background of 4,000 photoisomerizations per rod per second
(R*/rod/s) produced by the 470 nm LED, to preferentially adapt
down the rods. Rod contributions to the ERGwereminimal under
these conditions (data not shown). Figure 1E shows cone-driven
ERGs, and Figure 1F summarizes the b-wave amplitudes. Signif-
icant differences between cone-driven b-wave amplitudes sug-
gest that in dark-reared mice, voltage responses of ON cone
bipolar cells have reduced gain compared to normally reared
mice. To determine whether the decreased gain is reflected in
the a-wave, we pharmacologically isolated the a-wave (Fig-
ure 1G). On average, cone-driven a-wave amplitudes superim-
pose across flash strengths, revealing no significant differences
between retinas from control and dark-reared mice (Figure 1H).
However, cone-driven b-waves decreased significantly across
light levels. Our results suggest that whereas dark rearing left
intact transmission between rods and rod bipolar cells, the
same manipulation compromised transmission between cones
and ON cone bipolar cells.
Dark Rearing Affects mGluR6 Labeling Associated with
Cone Bipolar Cells but Not with Rod Bipolar Cells
Having found differential functional effects of dark rearing on rod
versus cone pathways, we investigated the effects of light depri-
vation on synapse structure. To determine whether dark rearing
affected presynaptic release sites in photoreceptors, we recon-1160 Neuron 80, 1159–1166, December 4, 2013 ª2013 Elsevier Inc.structed electron micrographs of serial sections through rod
spherules (Figure 2A) and cone pedicles (Figure 2B). Within
each rod, we consistently observed a single ribbon. Within
each cone pedicle, we identified individual synaptic ribbons
and counted 12 ± 1 ribbons in control (n = 3 cones, mean ±
SD; postnatal day 30 [P30]; similar to previously reported values
by Tsukamoto et al., 2001) and 11.3 ± 3 ribbons (n = 7 cones,
Figure 2. Dark Rearing Affects the mGluR6 Labeling Associated with Cone Bipolar Cells but Not with Rod Bipolar Cells
(A and B) Electron micrographs of rod spherules (cyan) (A) and cone pedicles (blue) (B), horizontal cell processes (yellow), and ON bipolar cell dendrites (red) in
control (P30) (left) and dark-reared (P35) (right) mice. (A and B, bottom) Three-dimensional reconstructions of serial electron micrographs of a rod spherule (blue)
and cone pedicle (blue) with all associated synaptic ribbons (yellow) in control (left) and dark-reared (right) mice. (C and D) Confocal images of mGluR6 labeling at
the level of mGluR6 postsynaptic to rods (top) and to cones (bottom) in control (C) and dark-reared (D) conditions. Single planes from the same stack are shown.
Plots show intensity profiles of the line scan (indicated by the lines in the images) across four example rod bipolar mGluR6 puncta (black) and around the perimeter
of cone bipolar mGluR6 (red). Scale bars, 1 mm. (E) En face view of rod bipolar cell dendrites labeled in theGrm6-tdTomato line (cyan) with mGluR6 (yellow) within
the volume of the bipolar cell dendrites under control (left) and dark-reared (right) conditions. Scale bars, 5 mm. (F) Mean total volume of mGluR6 within the
dendrites of rod bipolar cells at P30 for control and dark-reared conditions (error bars represent SEM). Individual rod bipolar cells are shown in open circles. See
also Figure S1 and Table S2.
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The Effects of Dark Rearing on Parallel Circuitsmean ± SD; P35) in dark-reared mice (example cone reconstruc-
tions in Figure 2B, bottom). A two-sample t test showed that the
null hypothesis could not be rejected in comparing the total num-
ber of ribbons between cones in control and dark-reared mice
(p = 0.72). We also found normal invaginating synapses at rodNand cone ribbons with horizontal cells and ON bipolar cell den-
drites in the dark-reared mice (Figures 2A and 2B, top). These
ultrastructural data demonstrate that invaginating synapses
between photoreceptors and ON bipolar cells remain intact in
dark-reared mice.euron 80, 1159–1166, December 4, 2013 ª2013 Elsevier Inc. 1161
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ERGs could be attributed to changes in postsynaptic receptor
localization, we immunolabeled for metabotropic glutamate re-
ceptor 6 (mGluR6) (Figures 2C and 2D; Morgans et al., 2006;
see Figure S1 available online for whole retina protein quantifi-
cation). mGluR6 at the level of rod bipolar cell dendritic tips
appeared as segregated puncta (Figure 2C, top), whereas
mGluR6 at the level of ON cone bipolar cell dendritic tips
appeared as a contiguous string of clusters (Figure 2C, bottom).
In the control condition, rod- and cone-associated mGluR6
show similar intensity ranges and sizes of puncta. In contrast,
intensity values of cone-associated mGluR6 were lower and
less distinct than rod-associated mGluR6 in the dark-reared
condition.
To examine glutamate receptors at the level of individual post-
synaptic cells, we first focused on rod bipolar cells in the Grm6-
tdTomato transgenic line (Kerschensteiner et al., 2009). We
imaged individual rod bipolar cells (Figure 2E) and measured
the volume of mGluR6 within their dendrites (Figure 2F). At
P30, each rod bipolar cell dendritic tip contains mGluR6 puncta,
suggesting thatmGluR6 is properly located at synaptic sites. The
null hypothesis could not be rejected in comparing the volume of
mGluR6 within individual rod bipolar cells from control and dark-
reared conditions (two-sample t test, p = 0.82). Thus, dark rear-
ing has no significant effect on the mGluR6 levels in individual
rod bipolar cells.
Dark Rearing Disrupts mGluR6 Localization in ON Cone
Bipolar Cells
To explore the mGluR6 levels in individual ON cone bipolar
cells, we focused on the type 6, 7, and 8 bipolar cells found in
the Grm6-tdTomato line (Figure 3A; see Dunn and Wong,
2012 for explanation of cell classification). In addition to the
mGluR6, presynaptic cone photoreceptors were labeled with
an antibody against cone arrestin (Figure S2; Nikonov et al.,
2008; Zhu et al., 2002). Figure 3A shows mGluR6 labeling within
the dendrites of the bipolar cell of interest; glutamate receptor
labeling exterior to the bipolar cell is digitally removed from
the image (Experimental Procedures). We quantified the total
volume of glutamate receptors within bipolar cell dendrites
and also within cone photoreceptors to determine the location
of mGluR6. The total volume of glutamate receptors within
bipolar cell dendrites was significantly lower at all ages after
dark rearing (Figure 3B; see Supplemental Text, Figure S1,
and Table S2 for total mGluR6 in the retina). Likewise, the vol-
ume of glutamate receptors associated with cones decreased
with dark rearing (Figure 3C). The volume of receptors exterior
to cones was consistently lower at the earliest time points
across bipolar cell types in the dark-reared condition (Figure 3D).
Under normal rearing conditions, the volume of non-cone-asso-
ciated receptor declines during development, and this trend is
lost upon dark rearing (Figure 3D). At the time of eye opening
(P13), mGluR6 levels in the dark-reared condition are less
than control, suggesting that initial mGluR6 expression depends
on light entering through closed eyelids. Such a mechanism is
consistent with light responses present in the retina by P10.
Thus, we find that mGluR6 localization at sites of cone contacts
requires light stimulation.1162 Neuron 80, 1159–1166, December 4, 2013 ª2013 Elsevier Inc.Dark Rearing Has Different Effects on the Formation,
Maintenance, and Elimination of Cone Contacts across
Bipolar Cell Types
Next, we asked whether the developmental processes of finding
cone partners and forming synapses require light stimulation.
We used volume overlap between the bipolar cell dendrites
and cones as a criterion for contact to count the total number
of cones contacted by each bipolar cell (Figure 4A; Experimental
Procedures). Type 6 cone bipolar cells showed no significant dif-
ference between the number of cones contacted in control and
dark-reared conditions across ages, suggesting that the forma-
tion and maintenance of cone contacts are independent of light
stimulation (Figure 4B). The normal pruning process observed in
type 7 cone bipolar cells was unaffected in the dark-reared con-
dition as evidenced by the downward slope; however, the total
number of cones contacted dropped at P21 and P30 (Figure 4B).
Type 8 cone bipolar cells exhibited a decrease in the total num-
ber of cones contacted at P13, P21, and P30 and a change in the
trajectory of settling on the appropriate number of partners, sug-
gesting that light deprivation disrupts the formation, mainte-
nance, and/or elimination of cone contacts.
Can differences in cone density or bipolar cell dendritic terri-
tory predict the observed changes in the number of cones con-
tacted by each bipolar cell type? Predicted values for the number
of cones contacted based on changes in cone density and bipo-
lar cell territory between control and dark-reared conditions
could account for the majority of observed values in the type 6
and 7 but failed to match the observed cone contacts in the
dark-reared condition for the type 8 conebipolar cells (Figure S3).
Such results imply that any changes observed in the type 8 con-
nectivity pattern upon dark rearing cannot be attributed to
changes in the cone population or bipolar cell dendritic territory
alone. Taken together, these results demonstrate that type 6
continue to establish the normal number of cone contacts;
type 7 may contact fewer cones because of lower cone den-
sities, and type 8 cone bipolar cells fail to establish the normal
number of cone contacts upon dark rearing.
DISCUSSION
In the present study, functional measures of the photoreceptor-
to-bipolar cell synapse show a selective decrease in the popula-
tion voltage responses of ON cone bipolar cells in dark-reared
animals. Dark rearing had no effect on responses from rod pho-
toreceptors or rod bipolar cells. Additionally, we found that dark
rearing differentially affects the development of cone contacts by
the types 6, 7, and 8 ON cone bipolar cells. Taken together, our
results suggest that developing cone-to-cone bipolar cell con-
tacts, localizing glutamate receptors, and establishing proper
function of parallel channels at the visual system’s first synapse
depend on sensory stimulation.
Functional Changes from Visual Deprivation
Our findings on the effects of sensory deprivation at the visual
system’s first synapse follow a long history of work on visual
system development. While previous studies suggested that
b-waves at brighter flash intensities were diminished in dark-
reared cats (Baxter and Rissen, 1961) and in dark-reared mice
Figure 3. Dark Rearing Disrupts Glutamate Receptor Localization in ON Cone Bipolar Cells
(A) Confocal images of type 6, 7, and 8 cone bipolar cells (red), cone photoreceptors (blue), and mGluR6 within bipolar cell dendrites (yellow) frommice reared in
control (top) and dark (bottom) conditions until P30. Scale bars, 5 mm. (B) Total mGluR6 volume within the dendrites of each bipolar cell type from control (open
circles) and dark-reared (closed triangles) mice (Vcone+Vnon-cone). (C) Volume of mGluR6 within dendrites of each bipolar cell that is also associated with cones
(Vcone). (D) Volume ofmGluR6within each bipolar cell that is not associated with cones (Vnon-cone). Cartoons to the left illustrate themeasurement shown in graphs.
Data are reported as mean ± SEM. Number of cells analyzed at each age are reported in Table S3. See also Figure S2.
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The Effects of Dark Rearing on Parallel Circuits(He et al., 2011), other studies inmice have reported an enhance-
ment or minimal effect of dark rearing on the b-wave (Tian and
Copenhagen, 2001). We designed our experimental conditions
to preferentially stimulate either rods or cones. In the rod-driven
b-wave, we reported a minimal effect on rod bipolar cell
responses, consistent with ERGs recorded in dark-adapted
mice stimulated from darkness (Tian and Copenhagen, 2001).
In our cone-driven responses, dark rearing diminished b-waves,
consistent with previous findings that b-wave responses to
brighter flash intensities and higher temporal frequencies, thus
presumably cone driven, were compromised (Baxter and Ris-Nsen, 1961; He et al., 2011). Here we reconcile the differences
in previously reported results by directly measuring both rod-
and cone-driven responses in retinas from the same mice. We
speculate that dark rearing alters normal spontaneous release
from cones more severely than from rods, thus explaining differ-
ences between rod and cone pathways. mGluR6 in ON cone
bipolar cell dendrites could be reduced in response to the con-
stant barrage of transmitter release from cones in darkness.
Further along the visual pathway, changes caused by dark
rearing or monocular deprivation have been attributed to cortical
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A Figure 4. Dark Rearing Differentially Affects
the Number of Cones Contacted across
Bipolar Cell Types
(A) Confocal image of a side view of a cone
pedicle (blue) and ON bipolar cell dendrite (gray)
(left), the cone pedicle alone (middle), and an
example of how the structures are masked to
determine the overlap region (right). (B) Plots
summarize the number of cones contacted by
bipolar cells of each type for mice reared in
control (open circles) and dark-reared (closed
triangles) conditions. Data are represented as
mean ± SEM. Number of cells analyzed at each
age are reported in Table S3. Subset of control
data previously shown in Dunn and Wong (2012).
See also Figure S3.
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The Effects of Dark Rearing on Parallel Circuitsselectivity (LeVay et al., 1980) and orientation selectivity (Crair
et al., 1998). However, all features in visual cortex rely on pas-
sage through earlier stages of processing, and thus we propose
that the effects of sensory deprivation on the cone-to-bipolar cell
synapse must be considered as a potential contributor. Previous
results in cat and monkey suggest that cortical changes occur
independently of effects on retina (Hendrickson and Boothe,
1976; Sherman and Stone, 1973). Results reported here raise
the possibility that effects of light deprivation on the develop-
ment of mouse visual cortex, retinogeniculate projections
(Hooks and Chen, 2006), and retinal amacrine and ganglion cells
(Di Marco et al., 2009; Giovannelli et al., 2008; Tian and Copen-
hagen, 2001, 2003; Vistamehr and Tian, 2004) could relay
changes from earlier stages of processing. Previous reports
demonstrate that dark rearing disrupts the normal develop-
mental increase in synaptic inputs to ganglion cells (Tian and
Copenhagen, 2001). Such changes could arise partially from a
diminished responsiveness of ON cone bipolar cells: dark-
reared mice with less mGluR6 in the dendrites of cone bipolar
cells would convey less spontaneous activity from cones to
ON ganglion cells. Dark rearing reduces the spike responses of
ganglion cells (Tian and Copenhagen, 2001) and ERG responses
of amacrine and ganglion cells to light increments (Vistamehr
and Tian, 2004), but not of light-evoked currents in amacrine
and ganglion cells (He et al., 2011). Such contrasting observa-
tions could be reconciled by differences in cell types and circuits
probed in each of these studies.
Implications for Cell-Type-Specific Effects across
Parallel Circuits
Prior and present work demonstrate the importance of consid-
ering the developmental mechanisms of individual circuits and
cell types within a system. Reverse suturing 3 weeks after
monocular deprivation reversed geniculocortical projections
from parvocellular layers of the dorsal lateral geniculate nucleus
but not from magnocellular layers, suggesting asynchronous
critical periods for plasticity (LeVay et al., 1980). Furthermore,
several studies have examined excitatory and inhibitory circuits
in visual cortex after monocular deprivation and have found1164 Neuron 80, 1159–1166, December 4, 2013 ª2013 Elsevier Inc.that inhibitory circuits are altered even when excitatory circuits
are not (Chen et al., 2012; van Versendaal et al., 2012; reviewed
in Espinosa and Stryker, 2012). Within the retina, dark rearing
caused an imbalance of excitatory and inhibitory inputs to gan-
glion cells (Di Marco et al., 2009). At the first synapse examined
here, the differences in timing and strategies of choosing presyn-
aptic partners by the type 6, 7, and 8 ON cone bipolar cells (Dunn
and Wong, 2012) also emerged in the effects of dark rearing.
These findings in retina suggest that sharing a common presyn-
aptic partner does not dictate a commonmechanism for creating
synapses. Instead, proper synapse formation requires several
mechanisms, working over different periods and within specific
circuits. We imagine that such diversity in mechanisms confers
the diversity in convergence and synapse structure found across
cone bipolar cells and ultimately enables the development of
unique pathways for encoding information. Results from our
sensory deprivation experiments imply that different bipolar
cell types may retain plasticity later in development than other
bipolar cell types. Diversity during normal development suggests
the possibility for differences among parallel pathways in the
degeneration or in the potential for regeneration of circuits, if
such developmental mechanisms can be recapitulated following
damage or disease.
EXPERIMENTAL PROCEDURES
Mice and Rearing Conditions
The transgenic mouse lines, hLM-GFP (Fei and Hughes, 2001) and Grm6-
tdTomato (Kerschensteiner et al., 2009), were crossed for visualization of
cone photoreceptors and a sparse population of ON bipolar cells. Cell types
were distinguished by previously reported methods including morphology,
immunolabeling, and crosses to other transgenic lines (Dunn and Wong,
2012). All transgenic lines were backcrossed into the C57Bl6 strain. Male
and female mice were raised either in a 12 hr light-dark cycle or in a dark-
rearing facility where mice were born and raised within light-tight cabinets.
Dark-reared mice were cared for using infrared illumination and viewed with
night vision goggles (B.E. Meyers).
Tissue Preparation
All procedures were performed in accordance with the University of Washing-
ton Institutional Animal Care and Use Committee protocols. Control-reared
Neuron
The Effects of Dark Rearing on Parallel Circuitsmice were sacrificed either with cervical dislocation or 5% isoflurane in the
light. Dark-reared mice were sacrificed with cervical dislocation, enucleated,
and retinas isolated under infrared light. Retinas were dissected and mounted
flat onto filter paper (Millipore) in bicarbonate-based Ames solution (Sigma)
equilibrated with 5% CO2/95% O2, fixed in 4% paraformaldehyde for 15 min
at room temperature and rinsed in PBS, pH 7.42, then removed from the filter
paper before immunoprocessing.
The following primary antibodies were used: cone arrestin/Arr4 (1:500 and
1:1,000; gift of Cheryl Craft) and mGluR6 (1:100; gift of Catherine Morgans).
The following secondary antibodies were used: Dy-Light-488 (1:1,000; Jack-
son Laboratory) and Alexa 633 (1:500; Invitrogen). Retinas were mounted
with Vectashield (Vector Labs) underneath a coverslip.
Imaging
Retinas were imaged on a FV-1000 Olympus laser-scanning microscope with
an oil immersion Olympus 603 objective (1.35 NA). Imaging parameters were
set for voxel sizes between 0.066–0.069 mm/pixel (x axis, y axis) and 0.2–
0.3 mm/pixel (z axis). Each plane was acquired three to four times with Kalman
filtering.
Analysis
Images were analyzed as described previously. Briefly, cone photoreceptor
and bipolar cell dendritic contacts were determined by nonzero volume over-
lap between binary masks of the three-dimensional confocal image stacks
(Dunn and Wong, 2012). Bipolar cell somas were excluded from the masks.
All mGluR6 puncta were labeled with a single identity. Because cone-associ-
ated mGluR6 was not punctate like rod-associated mGluR6, we determined
the absence or presence and volume of the postsynaptic receptor marker,
rather than counting the number of puncta.
Statistical Analysis
A two-sample t test was used to test for significant differences between control
and dark-reared conditions at each comparable light level (Figure 1) or age
(Figures 2, 3, and 4). Resulting p values less than 0.05, 0.01, and 0.001 are
indicated by single (*), double (**), and triple (***) asterisks.
Electron Microscopy
Retinas were fixed by immersion of the eyecup in 4% glutaraldehyde in 0.1 M
sodium cacodylate buffer, pH 7.2. The retinas were washed in buffer, postfixed
in 1% osmium tetroxide for 90 min, rinsed, en bloc stained in 1% uranyl ace-
tate, dehydrated in ethanol solutions, and embedded in epoxy resin (Epon
Araldite). Serial sections (80 nm) of photoreceptor pedicles were aligned and
labeled with TrakEM2 (Cardona et al., 2012).
Electroretinograms
Mice used in physiology experiments were dark adapted overnight and sacri-
ficed by cervical dislocation. Eyes were dissected under infrared illumination,
vitreous was removed, and eyecups were hemisected to separate the dorsal
and ventral portions. Isolated half retinas were mounted in a chamber as pre-
viously described (Azevedo and Rieke, 2011). Retinas were perfused from top
and bottom with bicarbonate-based Ames solution (Sigma) equilibrated with
5% CO2/95% O2 and heated to 32
C–35C. Protocols for the ERGs were de-
signed to separate rod and cone light responses. Light was delivered to the
photoreceptor side through at 550 mm2 aperture.
To isolate the photoreceptor, ON bipolar cell (b-wave), and Mu¨ller cell com-
ponents of the ERG, we perfused 5 mMNBQX to eliminate the OFF cone bipo-
lar, amacrine, and ganglion cell contributions. We found aminimal contribution
of the NMDA receptor to the b-wave; thus, we focused on blocking AMPA
receptor-mediated responses (data not shown). Amplitudes of the b-wave
were taken as the sum of the absolute values of the peak of the first local min-
imum and b-wave (global maximum). To isolate the photoreceptor (a-wave)
and Mu¨ller cell components of the ERG, we used 5 mM NBQX, 3.25 mM LY-
341495, and 2.5 mM L-APB, which eliminated the majority of glutamatergic
transmission from bipolar, amacrine, and ganglion cells. Amplitudes of the
a-wave were taken as the absolute value of the global minimum. Amplitudes
as a function of flash strengths were fit with a Hill equation (see legend of Table
S1). Values of the fits are reported in Table S1.NSUPPLEMENTAL INFORMATION
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